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Abstract²7KLV SDSHU DGGUHVV WKH LVVXH RI ORZ RUGHU
KDUPRQLFV LQ D PRGXODU PXOWLOHYHO FRQYHUWHU 00& 8VLQJ
IXQGDPHQWDOVZLWFKLQJVHOHFWLYHKDUPRQLFHOLPLQDWLRQ6+(WKH
FRQWURO DQJOHV DUH FDOFXODWHG IURP QRQOLQHDU HTXDWLRQV E\
1HZWRQ5DSKVRQ PHWKRG 7KH VHOHFWLYH KDUPRQLF HOLPLQDWLRQ
HTXDWLRQVDUHVROYHGLQVXFKDZD\WKDWWKHILUVWVZLWFKLQJDQJOH
LVXVHGWRFRQWUROWKHPDJQLWXGHRIWKHIXQGDPHQWDOYROWDJHDQG
WKH UHPDLQLQJDQJOHVDUH XVHG WR HOLPLQDWH WKH ORZHVWRGGQRQ
WULSOHQ KDUPRQLFV FRPSRQHQWV DV WKH\ GRPLQDWH WKH WRWDO
KDUPRQLF GLVWRUWLRQ RI WKH FRQYHUWHU 7KH FRQFHSW LV YDOLGDWHG
XVLQJDOHYHOGHWDLOHGPRGHORI00&LQ36&$'(07'&7KH
VLPXODWLRQ UHVXOW VKRZV D JRRG DJUHHPHQW ZLWK WKHRUHWLFDO
DQDO\VLV DQG LQ FRPSDULVRQ ZLWK FRQYHQWLRQDO VLQXVRLGDO SXOVH
ZLGWKPRGXODWLRQ63:0WKHSURSRVHGPHWKRGHOLPLQDWHVORZ
RUGHUKDUPRQLFVOHDGLQJWRDORZWRWDOKDUPRQLFGLVWRUWLRQ
Keywords—) Modular multilevel converter, pulse width 
modulation, selective harmonic elimination, Newton-Raphson 
method 
, ,1752'8&7,21
7KH PRGXODU PXOWLOHYHO FRQYHUWHU 00& KDV EHFRPH
SURJUHVVLYHO\ UHOHYDQW LQ UHFHQW \HDUV QRWDEO\ LQ DUHDV RI
KLJKSRZHUWUDQVPLVVLRQGLVWULEXWLRQV\VWHPVDQGLQLQGXVWULDO
DSSOLFDWLRQV >@ ,WV GLVWLQFWLYH IHDWXUH LQ FRQWUDVW WR WZR
OHYHO YROWDJH VRXUFH FRQYHUWHU 96& WKDW ZRUNV ZLWK SXOVH
ZLGWKPRGXODWLRQ3:000&XVHDFRXSOHRIORZYROWDJH
VHULHVFRQQHFWHGFDSDFLWRUVWRJHQHUDWHKLJK$&YROWDJH7KLV
FRQILJXUDWLRQ UHVXOWV LQ D KLJKHU SRZHUKDQGOLQJ FDSDELOLW\
ZLWKUHGXFHGVZLWFKLQJSRZHUORVVHVDQGKDUPRQLFGLVWRUWLRQV
>@ 7KH ORVVHV LQ WZROHYHO 96& VWDWLRQV DUH DSSUR[LPDWHO\
 RI WKH UDWHG WUDQVPLVVLRQ FDSDFLW\ DQG DSSUR[LPDWHO\
RIWKHVHDUHGLVSHOOHGLQWKH,*%7YDOYHV>@$OWKRXJKLW
LVDQWLFLSDWHGWRKDYHPLQLPXPYDOYHORVVHVZLWK00&VWKH
HIILFLHQF\ RI 00& LV KRZHYHU UHODWHG WR WKH PRGXODWLRQ
WHFKQLTXH ZKLFK UHJXODWHV WKH VZLWFKLQJ IUHTXHQF\ DQG
FDSDFLWRUYROWDJHULSSOHLQWKHFRQYHUWHUVWDWLRQ

00& FDQ RSHUDWH DW IXQGDPHQWDO DQG KLJK VZLWFKLQJ
IUHTXHQF\ 3:0 ,W LV JHQHUDOO\ NQRZQ WKDW WKH ORZHU
VZLWFKLQJIUHTXHQF\FDXVHVORZHUVZLWFKLQJORVVHVDQGKLJKHU
HIILFLHQF\,QRUGHUWRSURGXFHRXWSXWDWPXOWLOHYHO$&YROWDJH
WKURXJK YDULRXV OHYHOV RI '& LQSXWV RSHUDWLRQ RI
VHPLFRQGXFWRUGHYLFHVPXVWEHGRQHLQVXFKDPDQQHUWKDWWKH
H[SHFWHG IXQGDPHQWDO YROWDJH LV DFKLHYHG ZLWK ORZHU
KDUPRQLF GLVWRUWLRQ 7R UHGXFH WKLV KDUPRQLF GLVWRUWLRQ IRU
HIIHFWLYH UHVXOWV VRPH PRGXODWLRQ PHWKRGV DUH HPSOR\HG
ZKLFKDUHRSHUDWHGZLWKKLJKVZLWFKLQJIUHTXHQF\DQGWKHORZ
VZLWFKLQJIUHTXHQF\7RREWDLQKLJKVZLWFKLQJIUHTXHQF\FDVH
WKH IRUPHU VLQXVRLGDO SXOVH 63:0 DQG VSDFH YHFWRU SXOVH
ZLGWKPRGXODWLRQ 693:0 DUH RIWHQ DSSOLHG:KLOH LQ WKH
FDVHRIORZVZLWFKLQJIUHTXHQF\WKHVSDFHYHFWRUPRGXODWLRQ
690 DQG VHOHFWLYH KDUPRQLF HOLPLQDWLRQ 6+( KDYH EHHQ
PRVWO\ DGRSWHG 7KH LQDELOLW\ RI WKH 63:0 WHFKQLTXH WR
FRPSOHWHO\HUDGLFDWHORZRUGHUKDUPRQLFVZKLFKUHVXOWVLQWKH
QHHG IRU D KLJK ILOWHU UHTXLUHPHQW LV DPDMRUGUDZEDFN LQ LWV
DSSOLFDWLRQ ,Q WKH FDVH RI 693:0 DQG 69: WKH QRQ
DSSOLFDELOLW\IRUXQEDODQFHG'&YROWDJHVLVDPDMRUGUDZEDFN
7KLVLPSOLHVRQO\WKH6+(VWDQGVRXWDVDWHFKQLTXHWKDWFDQ
HOLPLQDWH WKH ORZ RUGHU KDUPRQLFV DQG DOVR DFFRXQWV IRU
XQEDODQFHG'&YROWDJHV
)XQGDPHQWDO VZLWFKLQJ IUHTXHQF\ ZKLFK LV DOVR
NQRZQDVWKHVHOHFWLYHKDUPRQLFHOLPLQDWLRQPHWKRGEDVHGRQ
KDUPRQLF HOLPLQDWLRQ WKHRU\ >@ 'HVSLWH WKH DGYDQWDJHV
VWDWHG DERYH WKH GLIILFXOW\ LQ XVLQJ WKLVPHWKRG LV REWDLQLQJ
WKHILQHVWVROXWLRQRIQRQOLQHDUDQGWUDQVFHQGHQWDOHTXDWLRQVWR
FRPSXWH WKH VZLWFK DQJOHV 7KHUH DUH YDULRXV PDWKHPDWLFDO
EDVHG PHWKRGV VXFK DV 1HZWRQ5DSKVRQ PHWKRG >@
UHVXOWDQW WKHRU\ >@ JHQHWLF DOJRULWKP >@ DQG SDUWLFOH
VZDUPRSWLPL]DWLRQ>@HWF,QWKHUHVXOWDQWWKHRU\PHWKRGLW
LV UHTXLUHG WR VROYH D SRO\QRPLDO HTXDWLRQ ZKLFK LV D WLPH
FRQVXPLQJ PHWKRG 7KH SURSHU VHOHFWLRQ RI SDUDPHWHUV
UHTXLUHV LQ SRSXODWLRQEDVHG PHWKRGV VXFK DV FRVW IXQFWLRQ
SRSXODWLRQ VL]H HWF 1HZWRQ5DSKVRQ PHWKRG UHTXLUHV
UDQGRP LQLWLDOJXHVVYDOXHVZKLFK LW LVHDV\ WRFRPSXWHDQG
DOVRFRQYHUJHVIDVWHUWKDQRWKHUPHWKRGV+HQFHWKH1HZWRQ
WK,QWHUQDWLRQDO&RQIHUHQFHRQ5HQHZDEOH(QHUJ\5HVHDUFKDQG$SSOLFDWLRQV 1RY%LUPLQJKDP8.
5DSKVRQ PHWKRG LV FKRVHQ LQ WKLV SDSHU WR VROYH QRQOLQHDU
WUDQVFHQGHGHTXDWLRQV
7KHFDVFDGHFRQILJXUDWLRQRIWKHVXEPRGXOHV60VLQ
00& OLPLWV WKH HDV\ WR FRPELQH PDQ\ PRGXOHV ZLWKRXW
LQFUHDVLQJ LWV SRZHU FLUFOH FRPSOH[LW\ 7KH DGYDQWDJH RI
IXQGDPHQWDO VZLWFKLQJ IUHTXHQF\ PRGXODWLRQ XVHG LQ WKLV
SDSHU LV WKDW HDFK VZLWFKLQJ GHYLFH ,*%7 LV WXUQHG RQ DQG
WXUQHG RII RQFH HYHU\ IXQGDPHQWDO F\FOH FDXVLQJ ORZ
VZLWFKLQJ ORVVHV2QH VZLWFKLQJ DQJOH µD1’ IURP µm’ DQJOHV
ZLOOEHGHGLFDWHGIRUFRQWUROIXQGDPHQWDOYROWDJHDQGUHVWRI
WKH ‘m-1’ DQJOHV DUH XVHG WR FDQFHO ‘m-1’ QRQWULSOHQ
KDUPRQLFV IURP WKH EDVHEDQG WKXV WKH PLQLPXP KDUPRQLF
GLVWRUWLRQLQWKHRXWSXWYROWDJHFRXOGUHVXOWVKRXOGWKHQXPEHU
RI 00& VXEPRGXOHV YROWDJH OHYHOV EH VXIILFLHQWO\ KLJK
7KXV WKH SURSRVHG PRGXODWLRQ VFKHPH IRU 00& DGGUHVVHV
WKH H[WHQVLYH OLQHDU PRGXODWLRQ FKRLFH ORZ WRWDO KDUPRQLF
GLVWRUWLRQ 7+' ORZ VZLWFKLQJ ORVVHV ZLWK HDV\
GHYHORSPHQWDQGOHVVFRPSXWDWLRQEXUGHQ
,, 23(5$7,21$/35,1&,3/(2)00&
)LJVKRZVWKHHOHFWULFDOHTXLYDOHQWGLDJUDPRIWKH00&
7KH ,*%7 HOHPHQWV WKDW SHUIRUP VZLWFKLQJ DFWV OLNH 96&
YDOYH LQ 60V GLVWULEXWH '& FDSDFLWRUV 7KH YDOYH IXQFWLRQV
OLNH D FRQWUROODEOH YROWDJH VRXUFH WKDW LV OLQNHG EHWZHHQ
FRUUHVSRQGLQJSKDVHXQLWRIWKH$&DQGWHUPLQDORIWKH'&
7KHPRGHOFRQVLVWVRI WZRDUPV8SSHUDQG/RZHURI WKH
FRQYHUWHUHDFKRQHIRUPHGE\DVHULHVFRQQHFWLRQRI60VDQG
DQ LQGXFWRU ZKRVH IXQFWLRQ LV WR OLPLW WKH DUP IDXOW FXUUHQW
)RU nOHYHO FRQYHUWHU ZH QHHG n 60V ZKHUH 
n
 LV D
QXPEHURIOHYHOVIRUH[DPSOHZHQHHG60VIRUWKHOHYHO
FRQYHUWHU )LJ  DOVR VKRZV WKH VWUXFWXUH RI RQH 60 RI DQ
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LPSDFW RQ UHODWHG FDSDFLWRU YROWDJHV ,Q )LJ  SRLQW “P”
UHSUHVHQWV WKH SRVLWLYH'&EXV DQG SRLQW“N” UHSUHVHQWV WKH
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WKH XSSHU DQG ORZHU DUPV N7 LV D WRWDO QXPEHU RI RQ 60V
6XSSRVH FDSDFLWRUYROWDJHRIHDFKVXEPRGXOH LV IL[HG WRVF
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,QWKHWKUHHSKDVHFRQYHQWLRQDO$&'&FRQYHUWHUVHDFKRI
WKHSKDVHLVFRXSOHGWRWKHJULGVLGHYLDRQHFRQYHUWHUUHDFWRU
7KHVH UHDFWRUV KHOS WR GLVWULEXWH WKH OLQNLQJ RI SRZHU
H[FKDQJH DPRQJ WKH FRQYHUWHU DQG WKH JULG 6L[ FRQYHUWHU
UHDFWRUV DUH QHHGHG WR FRXSOH VL[ FRQYHUWHU DUPV WR JULG LQ
00&WKHUHIRUHFRQWUROVFKHPHVIRU WKHFRQYHQWLRQDO$&	
'&FRQYHUWHUVDUHQRWGLUHFWO\XVHGLQ00&FRQWURO
,,, 352326('+$5021,&(/,0,1$7,216&+(0(
,QWKHSURSRVHG6+(PHWKRGWKHREMHFWLYHLVWRUHJXODWH
WKH VZLWFKLQJ DQJOHV WR DWWDLQ SUHIHUUHG IXQGDPHQWDO
FRPSRQHQW DQG UHGXFH KDUPRQLF FRQWHQW SDUWLFXODUO\ ORZHU
RUGHU KDUPRQLFV %\ XVLQJ )RXULHU WUDQVIRUPDWLRQ FRQWURO
DQJOHVYDOXHVRI6+(DUHZLWKLQ WKHUDQJHRI° DQG° DQG
DUH FRPSXWHG DQG VWRUHG LQ D ORRNXS WDEOH 7KH
LPSOHPHQWDWLRQ RI IXQGDPHQWDO IUHTXHQF\ 6+( PRGXODWLRQ
VFKHPHIRUDQLQHOHYHO00&LVVKRZQLQ)LJ
WK,QWHUQDWLRQDO&RQIHUHQFHRQ5HQHZDEOH(QHUJ\5HVHDUFKDQG$SSOLFDWLRQV 1RY%LUPLQJKDP8.
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,Q WKHDERYHk RGGKDUPRQLFV s LV DQXPEHURI
60VOLQNHGLQHDFKDUP,WFDQEHREVHUYHGIURPWKDWRQO\
WKHRGGKDUPRQLFVOHDGVWRYROWDJHDQGFXUUHQWKDUPRQLFV
)RUD VSHFLILHGSUHIHUUHG IXQGDPHQWDOSHDNYROWDJHVDQ LW
LV HVVHQWLDO WR UHJXODWH WKH VZLWFKLQJ DQJOHV VXFK WKDW
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KDUPRQLFV RI SKDVH YROWDJH DUH ]HUR $PRQJ m QXPEHU RI
VZLWFKLQJ DQJOHV XVXDOO\ RQH VZLWFKLQJ DQJOH LV FKRVHQ IRU
IXQGDPHQWDO YROWDJH VHOHFWLRQ DQG WKH UHPDLQLQJ m
VZLWFKLQJDQJOHVDUHFKRRVHWRHOLPLQDWHFHUWDLQOHDGLQJORZHU
RUGHU KDUPRQLFV ,Q D WKUHHSKDVH SRZHU V\VWHP WULSOHQ
KDUPRQLFV DUH FDQFHOOHG RXW DXWRPDWLFDOO\ LQ OLQHWROLQH
YROWDJHWKHUHIRUHRQO\QRQWULSOHQRGGKDUPRQLFVDUHSUHVHQW
LQOLQHWROLQHYROWDJHV>@
)URP WKH H[SUHVVLRQ  WKH IXQGDPHQWDO YROWDJH LQ WHUPV
RIVZLWFKLQJDQJOHVLVUHSUHVHQWHGE\
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
$V WKH YROWDJH KDUPRQLFV DUH GHSHQGHQW RQ SUHVHOHFWHG
FRQWURODQJOHV     V  D D D D  WKH\DUHGHWHUPLQHG LQDZD\
WRHOLPLQDWHWKHSUHGRPLQDQWORZHUIUHTXHQF\OHYHOKDUPRQLFV 
%\ XVLQJ DQ 00& FRQYHUWHU ZKLFK LV D OHYHO DV DQ
H[DPSOHDQGLWVRXWSXWYROWDJHVZDYHIRUPVZKLFKDUHGHSLFWHG
LQ )LJ  7KH FRUUHVSRQGLQJ RXWSXW YROWDJH ZLOO KDYH IRXU
VZLWFKLQJDQJOHV WKDW UHVXOWV LQ IRXUGHJUHHVRI IUHHGRP7KH
ILUVWVZLWFKLQJLVXVHGLQRUGHUWRFRQWUROWKHPDJQLWXGHRIWKH
IXQGDPHQWDOYROWDJHDQGWKHWKUHHGHJUHHVRIIUHHGRPDUHXVHG
WRHUDGLFDWHWKHORZHVWRGGDQGQRQWULSOHQKDUPRQLFVVXFKDV
WKWKDQGWKKDUPRQLFFRPSRQHQWVDVWKH\ OHDGWKHWRWDO
KDUPRQLF GLVWRUWLRQ1RWH WKDW E\ FRQQHFWLQJ DQ DSSURSULDWH
QXPEHURI60VDFORVHO\VLQXVRLGDORXWSXWYROWDJHZDYHIRUP
FDQEHSURGXFHGZLWKDORZHU7+'
7KH FRQGLWLRQV VWDWHG DERYH FDQ DOVR EH ZULWWHQ LQ
IROORZLQJ ZD\ E\ WKH FRPELQDWLRQ RI  DQG  DV
 
    ,
   
   
   
FRV FRV FRV FRV  
FRV FRV FRV FRV  
FRV FRV FRV FRV  
FRV FRV FRV FRV  
mD D D D
D D D D
D D D D
D D D D
­°°®°°¯

(TXDWLRQSRUWUD\VIRXUWUDQVFHQGHQWDOHTXDWLRQVV\VWHP
ZKLFK LV FDOOHG DV VHOHFWLYH KDUPRQLF HOLPLQDWLRQ 6+(
HTXDWLRQLQWHUPVRIIRXUXQNQRZQV    D D D DQG D )RUWKH
YDOXHV JLYHQ IRU mI IURP  WR  LW LV LPSRUWDQW WR JHW
WK,QWHUQDWLRQDO&RQIHUHQFHRQ5HQHZDEOH(QHUJ\5HVHDUFKDQG$SSOLFDWLRQV 1RY%LUPLQJKDP8.
FRPSOHWHSUREDEOHVROXWLRQVRIZKHQWKH\H[LVWZLWK OHDVW
FRPSXWLQJWLPHDQGFRPSOH[LW\7KHDIRUHPHQWLRQHG1HZWRQ
5DSKVRQ PHWKRG LV XVHG WR VROYH WKH DERYHPHQWLRQHG
QRQOLQHDU WUDQVFHQGHQWDO HTXDWLRQV DQG WKH VROXWLRQ VHW LV
SORWWHGLQ)LJ7KXVIURP)LJZLWKDPRGXODWLRQLQGH[RI
WKHVROXWLRQIRUH[SUHVVLRQLVREWDLQHGDV
         D D D D q  q  q  q 
      





0RGXODWLRQ,QGH[
6Z
LWF
KLQ
J$
QJ
OHV
GH
JUH
HV


D
D
D
D

)LJ1HZWRQ5DSKVRQPHWKRGVROXWLRQVHWVFDOFXODWHGZLWKDQDUELWUDU\
LQLWLDOJXHVV
7KHUHIRUHE\VXEVWLWXWLQJLQHTXDWLRQWKHVROXWLRQ
IRUWKHILULQJDQJOHVșWRșLVREWDLQHGDV
      
      
       
     
T D T D T D T D
T D T D T D T D
 q  q  q  q
 q  q  q  q 
)LJ  VKRZV WKH JHQHUDWLRQ RI VZLWFKLQJ SXOVHV XVLQJ
SURSRVHG6+(PRGXODWLRQVFKHPH
6ZLWFKLQJ
7UDQVFHQGHQWDO
HTXDWLRQV
1HZWRQ 
5DSKVRQ
PHWKRG
6+( FRQWURO
DQJOHV
/RRNXS WDEOH
0RGXODWLRQ ,QGH[
M, 
SXOVHV

)LJ*HQHUDWLRQRIVZLWFKLQJSXOVHVXVLQJ6+(
,9$&$6(678'<
)RU IXUWKHU VWXG\ WKH )LJ  VKRZV D PRGHO RI D 
09$ N9 JULG VLGH 00& VWDWLRQ KDV EHHQ EXLOW LQ
36&$'(07'&
00&a
N9
N9N9
 09$
; 
N9+]
N9

)LJ00&WHVWV\VWHP
7KH6+(DQG63:0PRGXODWLRQ DSSURDFK IRU WKH00&
DUH FRQVLGHUHG DQG VLPXODWHG ZLWK WKH VLPXODWLRQ SDUDPHWHUV
VKRZQLQ7DEOH,,
7DEOH,,3DUDPHWHUVRI00&
3RZHU5DWLQJ 09$
$&9ROWDJH5DWLQJ N9
'&YROWDJH N9
6\VWHP)UHTXHQF\ +]
6ZLWFKLQJ)UHTXHQF\RI6+( +]
6ZLWFKLQJ)UHTXHQF\RI63:0 +]
1XPEHURI60SHUDUP 
0RGXOH&DSDFLWDQFH& )
$UP,QGXFWDQFH/ P+
7RWDOVZLWFKLQJUHVLVWRUSHUDUP RKP
        










7LPHVHFV
9R
OWD
JH
N
9

)LJ3KDVHYROWDJHRIDOHYHO00&XVLQJ63:0PRGXODWLRQ

          






)UHTXHQF\+]
)XQGDPHQWDO+] 7+' 
0
DJ

R
I)
XQ
GD
P
HQ
WD
O

)LJ+DUPRQLFVSHFWUXPVKRZLQJPDJQLWXGHVRIUHVSHFWLYHKDUPRQLFV
)XQGDPHQWDO+]   
WK,QWHUQDWLRQDO&RQIHUHQFHRQ5HQHZDEOH(QHUJ\5HVHDUFKDQG$SSOLFDWLRQV 1RY%LUPLQJKDP8.
        










7LPHVHFV
9R
OWD
JH
N
9

)LJ3KDVHYROWDJHRIDOHYHO00&XVLQJ6+(PRGXODWLRQ
          








)UHTXHQF\+]
)XQGDPHQWDO+] 7+' 
0
DJ

R
I)
XQ
GD
P
HQ
WD
O

)LJ+DUPRQLFVSHFWUXPVKRZLQJPDJQLWXGHVRIUHVSHFWLYHKDUPRQLFV
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